Abstract-Design of a resistive-loaded Transverse Electromagnetic (TEM) horn antenna for air-coupled ground penetrating radar (GPR) is proposed in this paper. As the focus is on the application in sensing pavement subsurface, some issues should be considered, such as ultra-bandwidth (UWB) performance, air-coupled detection, high fidelity, compact structure, and simple fabrication. The resistive-loaded horn antenna with a microstrip-type balun was constructed and measured to facilitate the issues. With the radiation towards concrete ground at a height of 0.5 meters, the measured results suggested that the impedance bandwidth of the antenna was 0.5 ∼ 14 GHz with a return loss less than −10 dB. The radiation waveform of the horn antenna also showed a late-time ring. A radar experiment result showed that the antenna performed excellently for pavement layer detection.
INTRODUCTION
Short duration pulse has been widely applied in Ground Penetrating Radar (GPR) with high resolution. Some types of GPRs have already been developed for subsurface detection, such as sensing pavement subsurface [1] [2] [3] [4] [5] [6] [7] , vital sign detection [8] , and pipe detection [9] . UWB antennas have been researched including Vivaldi antenna [10, 11] , bow-tie antenna [12] , TEM horn antenna [13] [14] [15] , quad ridged horn antenna [16] , etc. Mostly, GPR antennas are coupled with ground-coupled to achieve deeper detection ranges. Bow-tie antennas, which have ultra-bandwidth and excellent radiation characteristics, have been widely applied in ground-coupled detection. A short impulse excited into the antenna could achieve ultra-wide frequency spectrum with narrow impulse, which has high range resolution for distinguishing targets with different dielectric characteristic in the back-scattering information. Pavement disengaging of air-coupled GPR system mainly focuses on range resolution and late-time ring. Generally, the frequency band was operated from 1 to 3 GHz, and the detection range was less than 0.5 meters. To achieve better performance, the taper line of horn antenna has been researched including linear, exponential, half-ellipse, etc. [13] . The plate TEM horn antenna was generally applied in the air-coupled GPR for its characteristic of ultra-wideband and easy fabrication. Foam-absorber loading could be easily fixed on the surface of horn arms and decrease the reflection from taper line with the cost of radiation efficiency [17] . Furthermore, it could decrease coupled between transmit (T) and receive (R) antenna. An dielectric wedge TEM horn antenna was developed with compact size and low-time ring [18] . It could not only improve isolation degree between T and R antenna, but also ensure the high fidelity. However, dielectric wedge antenna may have high cost and weight. In this paper, a modified TEM horn antenna with microstrip-type transmission is proposed. Design theory and the geometry of the antenna are briefly described in Section 2, and antenna characteristic is analyzed as well. In addition, the antenna integrated with radar receiver and transmitter is constructed and measured.
ANTENNA DESIGN AND DISCUSSION
TEM horn has been considered as a transformer that transforms input impedance to free space in which the wave impedance is 120π ohm. According to [17] , the transmission line wave field required currents on the antenna conductor and was not the same as a spherical wave in free space. It means that 120π may not be the optimum value. Better performance of air-couple antenna was achieved when the impedance of horn aperture was 180 ohm in [19] . To achieve maximum gain for a given aperture, the taper should be long enough so that the phase of antenna was approximately constant at the cross-section of aperture. However, air-coupled radar system integrated with a limited size of horn antenna was operated in a box at the end of the car for sensing pavement subsurface. According to [19] , the reflection coefficient of the horn antenna can be mainly decomposed into three components: port reflection, taper reflection, and aperture reflection. The mismatch in the feeding structure was responsible for the port reflection, which may be minimized with a transmission of 50 ohm unbalance type. The aperture reflections may be reduced by optimizing aperture structure. The taper reflections seem to be ascribed to the nonuniform geometry of the taper along with the throat to the horn aperture, which was responsible for the impedance bandwidth. Various methods for specifying the gradual change of impedance in cross-section along the taper line have been studied, including exponential, linear, halfellipse line, optimum taper, etc. In this paper, a quasi-optimum taper was employed [20] , which was found to achieve the lowest reflection with limited length. The cross-section dimension of the plate horn was calculated by conformal-mapping approximation [21] . Transmitting and receiving (T/R) antennas were operated side by side with a distance in air-coupled GPR system. Suitable isolation degree of radar receiver was helpful to the radar receiver that could detect near-field target's weak signal in the dynamic range. Dielectric-filled TEM horn could achieve compact size and improve isolation degree with high cost for manufacturing [18] . Foam-absorber loading method was applied to decrease coupling between T and R antennas. The impedance matching was critical to the bandwidth as well; therefore, a compact microstrip-type balun was designed for matching the antenna and radar port [20] . The size of radar system was given for engineering application. The length of antenna should be beyond the request. There are two steps for horn antenna design which contains two transformers. Firstly, the horn antenna could be regard as a transformer which transforms balance impedance of horn throat to balance impedance of horn aperture. The other transformer transforms the coaxial feed of unbalance impedance at 50 ohm to the horn throat at balance impedance. Then, impedance of horn throat at 65 ohm was accepted in the optimized antenna. The question was how to match the balance impedance at 65 ohm to the unbalance impedance at 50 ohm. A 'near'-optimum taper design was accepted which avoided the impedance steps and yielded tapers of fractional part longer in taper length [22] . After the theory dimension of balun was calculated, the key parameters were optimized by particle swarm algorithm. The geometry of antennas was shown in Fig. 1 , in which L a is the axial length of the antenna, W a the width of the taper arm, and H sub the height of both the substrate and the antenna. Z a is the impedance at the cross-section along the quasi-optimum taper arms with a given reflection level. The impedance across the horn aperture was set as 200 ohm. Fig. 2 illustrates the width and height of cross-section along the horn antenna. The height of antenna throat was approximately one lambda of upper frequency in free space. When the impedance along the taper was defined, the width of horn antenna arms can be calculated by conformal-mapping approximation. The geometry dimension is shown in Table 1 . In Fig. 3 , simulated current distribution of the horn antenna without resistive loading is presented at different frequencies. It is obvious that the currents flowed from horn antenna throat to the antenna aperture. The surface currents of arms mostly concentrated on the edge of the horn plate. With the frequency increased, the current tended to the center of antenna arms. The cross-polarization currents in high frequency would lead to the split of main lobe which affected the performance of antenna direction. That foam-absorber loaded at the back of horn arm can absorb the remnant currents and diffracted wave around the edge of arms. However, foam-absorber loading would reduce the radiation efficiency with the cost of waveform amplitude. To study the time-domain characteristic, near-field radiating waveform of the antenna without resistive-loaded is shown in Fig. 4 . The simulated parameters were set as follows. Four probes were placed in a circle around E-plate of the antenna with a step of 30 degrees. One probe was implemented at the back of horn antenna, and the radius of circle was 400 mm. The excited source signal was a Gaussian pulse, whose amplitude was 1 V. Fig. 4 illustrates that simulated non-normalized waveform of E-plate varies obviously as the angle increases. When the probe was placed at the back of the antenna, the amplitude of waveform decreased quickly, suggesting that the back radiation of the horn antenna was small. The maximum radiation waveform occurred in the front of the aperture. The late-time ripple was also obvious in near-field region. However, foam-absorber loading decreased late-time ring of time domain waveform.
MEASUREMENTS AND EXPERIMENTS
One pair of antennas was manufactured and shown in Fig. 5 . The construed antenna contained two metal plates which were fixed by foams. The Cumming company absorber LF77 was placed on the horn antenna's surface. Its characteristic was measured by Agilent N5242A after calibration. The measured results of both absorber loading and no loading agreed well with the simulated results in Fig. 6 . It was obvious that the antenna with absorber loading achieved a lower return loss than the horn antenna without loading. Some discrepancies have happened at several tuned frequencies between measured and simulated return losses, probably because the performance of impedance matching was easily affected by the manufacture deviation of balun. The measured result showed that the bandwidth of the antenna was from 0.5 to 14 GHz with the return loss less than −10 dB. There was a tendency that the antenna has upper bandwidth with return loss less than −12 dB at 14 GHz. Measured radiation patterns of both E-plane and H-plane are shown in Fig. 8 . There was only one dominant lobe and back radiation which was small. The side lobe was obvious with increased frequency. Performance of the H-plane pattern was leaning at 6 GHz because the T/R antennas operated together side by side. The center frequency of air-coupled GPR system was operated at 2 GHz, and the proposed TEM horn antenna had good radiation pattern of E-plane. A pair of antennas was implemented 0.5 meters above ground, and the measured waveforms of the antennas with or without resistive loading are shown in Fig. 7 . It is obvious that the reflection from ground appeared at time of 5.8 ns. After resistive loading, the peak of directive waveform was reduced approximately 3 dB, and the late-time ring was also decreased. To verify the antenna design, a pavement layer detecting experiment was applied. The antennas were integrated with impulse radar on vehicle-mounted platform. The air-coupled GPR system was constructed over the ground with a height of 0.5 meters, in which transmitter and receiver antennas were packed in a box mounted on a wood frame that was fixed on the end of a car. To verify performance of the antenna, a pavement layer detecting experiments was applied. A stationary test was first conducted to measure the reflection wave by collecting GPR data over a large flat copper plate placed on the pavement surface. The radar image, after radar data were processed as procedure [5] , is shown in Fig. 9 , which displays high image resolution. The radar image contained a number of A-scan data, which can be processed by the approach as in [23] . In Fig. 10 , a number of layers can be clearly distinguished, and trace correlation experiments results showed that the layers appeared approximately on the time including 0.6 ns, 1.2 ns, and 2.5 ns. We can calculate the layer thickness of pavement after its dielectric constant is measured. The radar image experiments results indicated that characteristics of the antenna met the requirements of sensing pavement subsurface. 
CONCLUSION
We have presented a resistive-loaded TEM horn antenna designed to apply in an air-coupled GPR system. The investigated parameters of the antenna were the taper arm and feeding structure. The quasi-optimum taper was employed to construct the horn arms. An unbalance-to-balance transformer was designed together with the antenna. To validate the design, an integrated T/R antenna was constructed. We have measured the frequency and time-domain characteristics of the antenna. The results showed that the antenna showed an ultra-wide bandwidth and outstanding waveform performance. The radar experiment showed that characteristic of the antenna could be applied in the pavement layer detection.
